Anaplastic thyroid cancer (ATC) is a highly malignant disease with a very short median survival time. Few studies have addressed the underlying somatic mutations, and the genomic landscape of ATC thus remains largely unknown. In the present study, we have ascertained copy number aberrations, gene fusions, gene expression patterns, and mutations in early-passage cells from ten newly established ATC cell lines using single nucleotide polymorphism (SNP) array analysis, RNA sequencing and whole exome sequencing. The ATC cell line genomes were highly complex and displayed signs of replicative stress and genomic instability, including massive aneuploidy and frequent breakpoints in the centromeric regions and in fragile sites. Loss of heterozygosity involving whole chromosomes was common, but there were no signs of previous nearhaploidisation events or chromothripsis. A total of 21 fusion genes were detected, including six predicted in-frame fusions; none were recurrent. Global gene expression analysis showed 661 genes to be differentially expressed between ATC and papillary thyroid cancer cell lines, with pathway enrichment analyses showing downregulation of TP53 signalling as well as cell adhesion molecules in ATC. Besides previously known driver events, such as mutations in BRAF, NRAS, TP53 and the TERT promoter, we identified PTPRD and NEGR1 as putative novel target genes in ATC, based on deletions in six and four cell lines, respectively; the latter gene also carried a somatic mutation in one cell line. Taken together, our data provide novel insights into the tumourigenesis of ATC and may be used to identify new therapeutic targets.
Introduction
Anaplastic thyroid cancer (ATC) is a rare and lethal disease, accounting for only 1-5% of all thyroid malignancies and yet being responsible for approximately 50% of deaths attributed to thyroid cancer (Kebebew et al. 2005) . Patients presenting with this extremely aggressive tumour have a very poor prognosis, with a median survival of just 4-12 months from the time of diagnosis, compared with the high cure rates and long-term survival rates for patients diagnosed with a well-differentiated thyroid cancer, such as follicular thyroid cancer (FTC) or papillary thyroid 24:5 cancer (PTC) (Are & Shaha 2006) . ATC is characterised by rapid tumour growth and frequent metastasis, with half of patients presenting with distant metastases (Ain 1999) .
The genetic basis of PTC and FTC has been quite well studied, showing frequent mutations in RAS genes, including HRAS, KRAS and NRAS. PTC also frequently display BRAF mutations and fusions involving RET, whereas FTC commonly harbour PAX8-PPARG rearrangements , Soares et al. 2003 , The Cancer Genome Atlas Research Network 2014 . However, few investigations have so far focused on the genomic landscape of ATC. Array comparative genome hybridisation studies have shown a high degree of structural and numerical chromosomal aberrations, with gains in chromosomal copy number being observed more frequently than losses (Wreesmann et al. 2002 , Miura et al. 2003 , Lee et al. 2007 . Mutations are commonly seen in TP53 (30-70% of cases), BRAF (30-45%), NRAS (15-20%), USH2A (18%) and EIF1AX (10-15%), as well as in the TERT promoter (50-70%) (Liu et al. 2013 , Nikiforova et al. 2013 , Kunstman et al. 2015 , Jeon et al. 2016 , Landa et al. 2016 . To date, there have been few reports of fusion genes in ATC, with only three cases with RET fusions, two cases with ALK fusions and single cases with NUTM1/BRD4, SS18/SLC5A11, MKRN1/BRAF, and FGFR2/OGDH fusions reported in the literature (Liu et al. 2008 , Kelly et al. 2014 , Godbert et al. 2015 , Kasaian et al. 2015 , Landa et al. 2016 , with no largescale screening using RNA sequencing being reported.
In the present study, we investigated the genetic landscape of ATC cell lines using SNP array analysis, RNA sequencing and whole exome sequencing (WES). We found that ATC cell lines display highly complex genomes, with multiple breakpoints and large variation in copy numbers. We identified not previously implicated genes that are targeted by recurrent deletions and mutations. In addition, we found several novel in-frame gene fusions that could result in translated protein products affecting the development of ATC. Our results increase our understanding of the aetiology of this extremely aggressive disease and may be used to identify new therapeutic targets.
Materials and methods

Samples
A total of 13 newly established, low-passage thyroid cancer cell lines were included in the study (Wennerberg et al. 2014 , Gretarsson et al. 2016 . Ten cell lines established from patients diagnosed with ATC were ATC1 (LU-TC-1), ATC2 (LU-TC-2), ATC7 (LU-TC-7), ATC8 (LU-TC-8), ATC10  (LU-TC-10), ATC12 (LU-TC-12), ATC14 (LU-TC-14),  ATC15 (LU-TC-15), ATC17 (LU-TC-17) and ATC18  (LU-TC-18) , and three cell lines established from patients diagnosed with PTC were PTC4 (LU-TC-4), PTC5 (LU-TC-5) and PTC13 (LU-TC-13). For the establishment of the cell lines, patients referred to the Departments of Oncology, ENT/H&N Surgery or Endocrine Surgery at the University Hospital in Lund, Sweden, for treatment of previously untreated ATC or PTC were asked for participation in the study. Tissue sampling was performed with a conventional fine-needle aspiration technique using a 0.6-0.7 mm needle. The aspirates were directly transferred to RPMI 1640 medium with stable glutamine, supplemented with 1 mmol/L sodium pyruvate, 1× MEM non-essential amino acids, 20 µg/mL gentamicin and 10% foetal bovine serum (FBS) gold (GE Healthcare). The suspensions were immediately transferred to cell culture flasks and left to attach and grow at 37°C under a humidified atmosphere with 5% CO 2 . The cells were sequentially transferred to a new flask until visibly free from fibroblasts. Cytogenetic analysis of the cell lines showed polyploid and highly complex karyotypes in all cases. RNA and DNA were extracted from the cell lines using the RNeasy Mini Kit and Gentra Puregene Cell Kit (Qiagen), respectively, according to the manufacturer's instructions. Two matched peripheral blood samples for ATC17 and ATC18 and three normal thyroid tissue samples, collected from patients undergoing a routine thyroidectomy, were also included in the study. DNA was extracted from the peripheral blood samples using the Gentra Puregene Blood Kit (Qiagen). For the tissue samples, sections of tissue measuring no more than 5 mm across one dimension were immediately transferred to a vial containing either RNAlater RNA Stabilization Solution or Allprotect Tissue Reagent (Qiagen) and stored overnight at 4°C, before removal from solution and longterm storage at −80°C. RNA was extracted from the tissue samples using the RNeasy Lipid Mini Kit (Qiagen). The study was approved by the Ethical Review Board of Lund University, reference number 522/2008, and informed consent was provided according to the Declaration of Helsinki.
SNP array analysis
SNP array analysis of all ATC cell lines except ATC17 and ATC18 and all three PTC cell lines was performed using the Illumina HumanOmni5-Quad BeadChip platform, 24:5 containing ~5 million markers (Illumina), according to the manufacturer's instructions. SNP array analysis of ATC17 and ATC18 and their matched normal control samples was performed with the Affymetrix Genome-Wide SNP Array 6.0 (Affymetrix) according to the manufacturer's instructions. Probe positions were extracted from the GRCh37 genome build and data was analysed using the Genome studio v2011.1 (Illumina) and Nexus Copy Number 7.5 (BioDiscovery, El Segundo, CA, USA) software. For ATC17 and ATC18, constitutional copy number variants were excluded based on comparison with the matched control sample. For the remaining cases, all copy number changes <1 Mb were compared with copy number polymorphisms listed in the Database of Genomic Variants (http://dgv.tcag.ca/dgv/app/home) or Nexus and excluded from further analysis if there was substantial overlap. Regions displaying loss of heterozygosity (LOH) were included as aberrant if they comprised at least 5 Mb or were part of another rearrangement.
RNA sequencing
RNA sequencing was performed for all ATC cell lines, except ATC17 and ATC18, and all PTC cell lines. Pairedend RNA libraries were constructed using the TruSeq RNA Sample Preparation Kit v2 (Illumina) and sequenced on the Illumina HiSeq2000 platform according the manufacturer's instructions by BGI Tech Solutions (Hong Kong) (Supplementary Table 1 , see section on supplementary data given at the end of this article). The data has been submitted to the Gene Expression Omnibus database (GEO; https://www.ncbi.nlm.nih.gov/geo) and is available under accession number GSE94465.
Fusion gene analysis
Potential fusion genes were identified from the RNAsequencing data using SOAPfuse version 1.26 (http:// soap.genomics.org.cn/soapfuse.html), Chimerascan version 0.4.5 (http://code.google.com/p/chimerascan) and TopHat version 2.0.7 (http://ccb.jhu.edu/software/ tophat/fusion_index.html). The GRCh37 build was used as the human reference genome. Potential fusion genes for further investigation were identified using a filtering pipeline based on spanning/total read number and previous identification of SNP events. Briefly, the output list of fusion genes was first filtered to remove chimeras identified as read-through transcripts before filtering to generate two lists of potential fusion genes containing (1) chimeras with one or more spanning reads, and (2) chimeras with five or more total reads. The lists were then both filtered to remove pseudogenes, unannotated genes and fusions between gene family members. Finally, chimeras containing gene partners that were less than 100 kb apart in distance were discarded unless an imbalance was detected by SNP array analysis in one or both of the fusion partners. Also, the C15orf57-CBX3 fusion, seen in three samples (ATC2, ATC12 and PTC4), was excluded from the results as it has been shown to result from a retrotransposition insertion in a substantial proportion of individuals (Schrider et al. 2013 ). To validate potential fusion genes, RT-PCR was performed in the corresponding cell line and three normal thyroid tissue samples. Briefly, cDNA was generated from 2.5 µg of RNA, and primers (available on request) specific to potential fusion transcripts were designed using Primer 3 (http://primer3.ut.ee/). PCR was performed according to standard methods and amplified products were sequenced using the BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems). All cell lines were subsequently screened with RT-PCR for fusion genes that were validated in this way.
Gene expression analysis
Gene expression levels based on RNA sequencing for all ATC cell lines except ATC17 and ATC18, and all PTC cell lines, were estimated using the TCGA UNC V2 RNA-Seq Workflow (https://webshare.bioinf.unc.edu/ public/mRNAseq_TCGA/UNC_mRNAseq_summary. pdf). The expected read counts in the '.genes.results' files generated by RSEM were used as the input for DESeq2 (Love et al. 2014) , limma-voom (Law et al. 2014) and edgeR (Robinson et al. 2010) , respectively. Differentially expressed genes were defined as those with a fold change >2 and FDR <0.01. Functional enrichment of differentially expressed genes in the KEGG pathways was performed by KOBAS (version 2.0) software (Xie et al. 2011) , and KEGG pathways with P value <0.01 were considered significantly enriched.
Whole exome sequencing
WES was performed on all ten ATC cell lines and matched normal blood for ATC17 and ATC18 to an average read depth of ~200× (Supplementary Table 2 ). DNA libraries were constructed using the V5 50M Exon Kit (Agilent Technologies) and sequenced on the Complete Genomics 24:5 sequencing platform according the manufacturer's instructions by BGI Tech Solutions (Hong Kong). Raw read data were aligned using Teramap and variants were identified using a pipeline designed and implemented by BGI Tech Solutions (Hong Kong). The eight ATC cell lines without a matched normal blood sample were filtered against genetic variations reported in the 1000 Genomes Project, 6500 Exome Project, the Single Nucleotide Polymorphism Database (dbSNP) Build 129, and RefSeq: NCBI Reference Sequence Database and then evaluated only for known gene mutations previously reported in ATC and PTC. Somatic gene mutations were identified in cell lines ATC17 and ATC18 using a pipeline designed and implemented by BGI Tech Solutions (Hong Kong). The mutational signatures in ATC17 and ATC18 were investigated using MutSigCV (Lawrence et al. 2013) . The data has been submitted to the Sequence Read Archive (https://trace.ncbi.nlm.nih.gov/Traces/sra/sra. cgi?view=announcement) and is available under accession number SRP098778.
Analysis of TERT promoter mutations and validation of mutations
Mutations in the BRAF gene were validated using a standard PCR and primers designed for exon 15 as previously reported (Davidsson et al. 2008 ): BRAFEx15 For: TGCTTGCTCTGATAGGAAAATGAG and BRAFEx15 Rev: TCTCAGGGCCAAAAATTTAATCA. Mutations in the promoter region of the TERT gene were validated using a standard PCR as previously reported by Liu and coworkers (Liu et al. 2013 ) using the AmpliTaq Gold 360 Master Mix (Thermo Fisher Scientific). Validation of mutations detected by whole exome sequencing in the genes TP53, NRAS, PTEN, PIK3CA, NEGR1 and EIF1AX was done using Sanger sequencing according to standard methods (primers available upon request).
Fluorescence in situ hybridisation (FISH) analysis
In order to investigate whether the NEGR1 deletions were associated with chromosomal rearrangements, metaphase FISH analysis was performed according to standard methods in cell lines ATC7, ATC8, ATC10 and ATC15. Probes used were the bacterial artificial chromosomes RP11-115M14 (distal of NEGR1), RP11-82L20 (in 3′ part of NEGR1; includes exon 7), RP11-566G9 (in intron 1 of NEGR1) and RP11-292O17 (proximal of NEGR1), obtained from the BACPAC Resource Center (https:// bacpacresources.org/).
RT-PCR for NEGR1
RT-PCR to detect NEGR1 transcripts were done using primers in exons 1a and 7 in all ten ATC cell lines, the three PTC cell lines, three normal thyroid tissue samples, and the Human Total RNA Master Panel II (Clontech Laboratories), containing RNA from twenty normal tissues. Complementary DNA was produced from 2.5 µg RNA using M-MLV reverse transcriptase (Invitrogen) and random hexamers (Invitrogen). The primers (R_exon 1: GATGGTCAGAAAAGGGGACA, F_exon 7: TCTCCTGCTGGTACCTTGTG, Life Technologies, Invitrogen) for NEGR1 were designed using Primer3 software (http://bioinfo.ut.ee/primer3/). PCR was done according to standard methods and amplified fragments were cut out from the gel and sequenced using the BigDye v1.1 Cycle Sequencing Kit (Applied Biosystems) on an ABI-3130 Genetic Analyzer (Applied Biosystems). Chromas Lite 2.1.1, free online software (http://technelysium.com. au/), was used for the analysis of the NEGR1 sequence data. In addition, RNA-Seq data was screened for junctions between exons and compared with the RT-PCR data.
Results
ATC cell lines have complex genomes and display overt signs of chromosomal instability
The SNP array analysis of ten ATC cell lines revealed highly complex genomes with multiple breakpoints and large variations in copy number within each case ( Fig. 1A  and B) . The median number of breakpoints, defined as a change in copy number state, was 49.5 (range 9-167) ( Table 1; Supplementary Table 3) . There was no evidence of chromothripsis. Many of the identified breakpoints (36/601; 6.0%) were located in the centromeric regions. Breaks were most common in the centromeric regions of chromosomes 8 (5/10 cell lines; 50%), 3, 4 and 9 (4/10; 40% each), and 1, 2 and 17 (3/10; 30% each). ATC10 had the highest number of centromere breaks (n = 9), while ATC 1, 2 and 7 only had one each.
Another common feature of the ATC cell lines was LOH involving whole chromosomes (wcLOH), with 5/10 cell lines having one or more wcLOH. Chromosomes 13 (4/10 cases; 40%), 18 (4/10 cases; 40%) and 17 (3/10 cases; 30%) were most commonly affected ( Fig. 1C ; Supplementary Table 4) . However, wcLOH was only seen for a minority of chromosomes in any given case; thus, no case displayed evidence of duplication of a near-haploid stem line (Fig. 1C) .
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There were a total of 157 focal (<1 Mb) regions of copy number gain and loss among the ten cell lines (median 12.5; range 2-40), with the most common type of alteration being hemizygous loss (n = 123), followed by homozygous loss (n = 14) (Supplementary Table 4 ).
Regions of focal copy number gains were rare (n = 20), with most of the gained regions affecting more than one gene; none of these regions were recurrent (Supplementary Table 4 ). There were no recurrent amplifications or regions of high copy number gain.
ATC cell lines harbour multiple out-of-frame fusion genes
A total of 21 fusion genes were found and validated among six ATC cell lines (Table 2; Supplementary Fig. 1 ). Six (29%) of these were expected to produce an in-frame transcript resulting in a protein product (Table 2 ). In addition, three fusion genes, including two in-frame chimeras, were seen in the three PTC cell lines (Table 2 ). Of the validated fusion genes, ten (42%) were identified by only one of the fusion transcript identifier programmes, whereas five (21%) were identified by all three programmes (Table 2; Supplementary Fig. 2 ). 
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Multiple target genes identified in ATC cell lines
The SNP array analysis revealed several target genes in ATC cell lines, based on small targeted deletions or breakpoints involving only one gene in more than one case. The deletions comprised PTPRD in 6/10 cell lines (60%);
NEGR1, AUTS2 and FHIT in 4/10 (40%) each; CDKN2A and MACROD2 in 3/10 (30%) each; and CNTNAP2, DLG2, IMMP2L, LRP1B, METTL15 and NAALADL2 in 2/10 (20%) each ( Fig. 2; Supplementary Table 4) . Most of these deletions were hemizygous, but homozygous deletions were also observed (Supplementary Table 2 ). In addition, 
Mutations
TP53 mutations were seen in six (60%) ATC cell lines, BRAF p.V600E mutations in four (40%), NRAS mutations in two (20%), and an EIF1AX mutation in one (10%) cell line ( Fig. 2 ; Supplementary Tables 5 and 6 ). Mutations in the promoter region of the TERT gene were identified in 6/10 (60%) ATC cell lines; all were C228T mutations. All mutations in the above-mentioned genes were validated by Sanger sequencing (data not shown). For ATC17 and ATC18, where constitutional blood samples were available for identification of somatic mutations, the whole exome was analysed, showing a total of 71 somatic mutations in coding regions in ATC17 and 137 in ATC18 (Supplementary Table 6 ). ATC17 did not show a clear mutational signature, whereas ATC18 displayed predominant mutations in TpCpN trinucleotides, indicating the involvement of the APOBEC family of cytidine deaminases ( Supplementary Fig. 3 ).
TP53 signalling and cell adhesion molecules are downregulated in ATC cell lines
Gene expression analysis of the RNA-sequencing data identified 661 genes differentially expressed between the ATC cell lines and PTC cell lines (Q value <0.01); 421 genes were downregulated in ATC and 240 genes were upregulated (Supplementary Table 7 ). Pathway enrichment analysis of the differentially expressed genes identified five significant pathways (P < 0.01): the TP53 signalling (KEGG hsa04115), the axon guidance (KEGG hsa04360), the cell adhesion molecules (CAMs) (KEGG hsa04514) and the autoimmune thyroid disease (KEGG hsa05320) pathways were downregulated, whereas the haematopoietic cell lineage pathway (KEGG hsa04640) was upregulated.
NEGR1 is a putative tumour suppressor gene involved in a high proportion of ATC cell lines
SNP array analysis showed that interstitial deletions in the NEGR1 gene were present in 4/10 (40%) ATC cell lines. These deletions frequently occurred in a stepwise fashion (from a baseline of 3 to 5 copies of chromosome arm 
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1p), involving different parts of the gene, but included exons 2 and 3 in 3/4 cell lines (Fig. 3) . The deletions were hemizygous (i.e., at least one unaffected allele was still present) in all cell lines except ATC10, in which exons 2 and 3 were homozygously deleted. No rearrangements involving NEGR1 were detected with metaphase FISH (Supplementary Table 8 ). In addition, ATC17 harboured a somatic p.V156I mutation in NEGR1. This mutation occurred in a position between two of the Ig-like domains, but we could not predict its effects since the structure of the NEGR1 protein has not been determined. There are three normal splice variants of NEGR1: NEGR1_001, including exons 1a-7; transcript NEGR1_002, including exons 1b-7; and NEGR1_201, including exons 1a-3 and 5-7. RNA-Seq did not show any overall difference in the expression level of NEGR1 between ATC and PTC, but it showed the complete absence of expression of alternative exon 1b in all cell lines, excluding the expression of NEGR1_002. To further delineate the expression of NEGR1, RT-PCR was performed across the gene. Apart 
from the full-length transcript NEGR1_001, which was present in all cell lines except ATC8 and ATC10, and splice variant NEGR1_201, which was present in ATC2, ATC12 and ATC15, this analysis showed multiple extra transcripts in all cell lines with deletions ( Fig. 3C and Supplementary Fig. 4A ) as well as in ATC1 and ATC2 that lacked deletions detectable by SNP array analysis. Sanger sequencing showed that all these extra transcripts were the results of aberrant splicing of full exons, resulting in both in-frame and out-of-frame transcripts; at least one out-of-frame transcript predicted to lead to a truncated protein was present in all cases with deletion, as well as in ATC1 and ATC2 (Fig. 3C) . To check whether these extra transcripts could be normal splice variants of NEGR1, we performed RT-PCR using the same primers in the three PTC cell lines, three samples from normal thyroid glands, and a tissue panel containing mRNA from 20 different tissues. The full-length NEGR1_001 transcript was seen in all investigated tissues and splice variant NEGR1_002 in prostate and foetal brain; however, no other transcripts were detected ( Supplementary Fig. 4B ). Taken together, our data indicate that focal deletions result in aberrant splicing of NEGR1 in ATC, possibly leading to lower levels of normal NEGR1 protein.
Discussion
ATC has a close to 100% short-time mortality and there is no curative treatment for patients with disseminated disease (Kebebew et al. 2005 , Are & Shaha 2006 . Thus, there is an urgent need to identify possible targets for treatment. Considering that ATC is one of the most malignant diseases, surprisingly little is known about its underlying genomic landscape. Most studies have included small cohorts and have been focused on only one type of genetic aberration, such as copy number changes or sequence mutations. In the present study, we performed a full genomic characterisation, comprising parallel SNP array analyses, RNA sequencing and WES, to delineate all driver events in early-passage cells from ten new ATC cell lines. A potential problem with working with cell lines is that the cells may have acquired changes during culture that were not present in the primary tumour. Although we cannot exclude that some of the aberrations detected here were acquired during culture, we think that the majority were present in the primary tumour, based on (1) the cells analysed here were from early passages (passages 3-5), (2) the frequencies of well-known mutations, such as NRAS, BRAF and TP53 mutations as well as TERT promoter mutations, in our cohort closely resemble reports of primary ATC, and (3) several of the potential new driver events identified here, in particular PTPRD and NEGR1 deletions, were seen in a high proportion of the investigated cell lines. Thus, the abnormalities reported here are likely to be largely representative of primary ATC. All ten investigated cell lines were polyploid and showed complex copy number aberration patterns, with frequent stepwise deletions and gains (Figs 1 and  3) and massive aneuploidy. Deletions were frequently seen at known fragile sites, indicating replicative stress (Bignell et al. 2010 ). There were a high number of breakpoints (median 49.5; range 9-167) in all cases as ascertained by a change in copy number; these numbers are likely an underestimate since balanced rearrangements will not be detected. Notably, the breakpoints were frequently in pericentromeric regions (Fig. 1A) , similar to what has been reported previously in, e.g., colorectal cancer and head and neck squamous cell carcinomas (Stewenius et al. 2005) . Such breaks could either result from telomere shortening leading to breakage-fusion-bridge cycles, which has been suggested to preferentially induce pericentromeric breaks, or from mitotic spindle defects leading to centromere shearing; either way, they are associated with chromosomal instability (Stewenius et al. 2005 , Guerrero et al. 2010 . There is no data in the literature on telomere lengths in ATC, but considering that TERT promoter mutations, leading to telomerase expression and presumably preventing telomere shortening, are common (found in 60% of the cell lines investigated here) it is likely that the underlying cause of the pericentromeric breaks in ATC cell lines is a malfunctioning mitotic spindle. Corver and coworkers (Corver et al. 2012) reported that massive loss of chromosomes, i.e., near-haploidisation, was common in FTC. Although LOH across whole chromosomes and large regions was frequently seen in the ten ATC cell lines, it always involved a minority of the chromosomes and was hence not indicative of a previous near-haploid step; we can thus exclude that this mechanism is common in ATC. Thus, on the chromosomal scale, the overall pattern of copy number changes and breakpoints detected in this study suggest that ATC exhibits replicative stress as well as genomic instability resulting from mitotic spindle defects. Considering that PTC generally appear to be relatively genomically stable (The Cancer Genome Atlas Research Network 2014), the induction of genomic instability could be one of the major factors leading to the development of ATC from a prior, more differentiated tumour.
Six of the eight investigated ATC cell lines harboured at least one fusion gene, with ATC1 displaying eight (Liu et al. 2008 , Kelly et al. 2014 , Godbert et al. 2015 , Kasaian et al. 2015 , Landa et al. 2016 . Thus, our data suggest that there is no common fusion gene that drives ATC development. The high number of fusion genes detected in this study could be due to the genomic instability that generates many chromosomal breaks and some of them could thus be passenger events, in particular the out-of-frame fusions. However, considering that in-frame fusion genes are frequently potent driver events, a subset of the fusions identified here are likely to be involved in tumourigenesis.
In contrast to the fusion genes, there were several regions of recurrent focal deletions involving only one gene ( Fig. 2; Supplementary Table 4 ), including the wellknown tumour suppressor genes PTPRD (60%), FHIT (40%) and CDKN2A (30%). Several reports have shown previously that FHIT and CDKN2A are involved in thyroid tumourigenesis (Chang et al. 1998 , Elisei et al. 1998 , Zou et al. 1999 , Lee et al. 2008 , whereas the involvement of PTPRD in ATC is a novel finding. PTPRD encodes a receptor protein tyrosine phosphatase that is deleted in a wide range of tumours, such as neuroblastoma and glioblastoma; these deletions are believed to lead to STAT3 hyperactivation and thereby promote tumourigenesis (Molenaar et al. 2012 , Ortiz et al. 2014 . Another commonly targeted gene was NEGR1 in 1p31.1, which displayed intragenic deletions in four cases and a nonsynonymous mutation in an additional case; thus, in total 50% of the investigated cell lines had somatic aberrations in this gene. NEGR1, also known as KILON, encodes a glycosylphosphatidylinositol (GPI)-anchored membrane protein involved in cell adhesion (Funatsu et al. 1999 , Kim et al. 2014 . It functions in neuronal development (Pischedda et al. 2014 , Sanz et al. 2015 , and constitutional variants affecting the expression of this gene have consistently been associated with obesity in genome-wide association studies (Willer et al. 2009 , Wheeler et al. 2013 .
However, NEGR1 is expressed in most tissues (www. genecards.org and Supplementary Fig. 4B ). NEGR1 has previously been reported to be somatically deleted in neuroblastoma and frequently downregulated in cancer (Takita et al. 2011 , Kim et al. 2014 . Knockdown of this gene was shown to promote cell migration and invasion in an ovarian adenocarcinoma cell line, suggesting that it may function as a tumour suppressor gene (Kim et al. 2014 ). Although we could not detect an overall lower expression of NEGR1 in cell lines with deletions compared with cell lines lacking such deletions, two cell lines (ATC8 and ATC10) lacked the full-length transcript ( Supplementary Fig. 4A ). In addition, RT-PCR across the gene showed multiple abnormal transcripts in all cell lines with deletions as well as in ATC1 and ATC2, which did not have any visible NEGR1 deletion as ascertained by SNP array analysis ( Fig. 1 and Supplementary Fig. 3 ). These transcripts arose from aberrant splicing of whole exons and were both in-frame and out-of-frame (Fig. 3C) . Thus, although the overall expression of NEGR1 may not be lowered by the deletions, they may lead to lesser amounts of functional protein. In contrast, the three PTC cell lines without deletions and a panel of 20 normal tissues, including thyroid gland, only showed full-length NEGR1 transcripts ( Supplementary Fig. 4 ). Taken together, our data suggest that deletion of NEGR1, leading to aberrant splicing, may be a frequent driver event in ATC. Considering that NEGR1 is believed to function in cell adhesion, these deletions may increase invasiveness and thereby promote metastasis.
Global gene expression analyses based on the RNAsequencing data showed similar results to a recent investigation by Kasaian and coworkers (Kasaian et al. 2015) , with downregulation of TP53-regulated genes and cell adhesion molecules in ATC cell lines. The former is likely associated with the high frequency of inactivating TP53 mutations in this cohort, whereas the latter agree well with the high metastatic potential of ATC.
Taken together, we present copy number, transcriptional and mutational data from ten newly established ATC cell lines, likely to closely resemble primary ATC in terms of the genomic landscape. We found a high degree of genomic complexity and overt signs of genomic instability that likely contribute to the malignant phenotype of these tumours. No common fusion gene was found. Besides confirming that mutations in TP53, NRAS, BRAF and the TERT promoter are common, our findings suggest that PTPRD and NEGR1 deletions frequently may drive tumourigenesis in ATC.
